Objective-In this study, we investigated whether dyslipidemia-associated perturbed invariant natural killer T (iNKT) cell function is due to intrinsic changes in iNKT cells or defects in the ability of antigen-presenting cells to activate iNKT cells. Methods and Results-We compared iNKT cell expansion and cytokine production in C57BL/6J (B6) and apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice. In response to in vivo stimulation with ␣-galactosylceramide, a prototypic iNKT cell glycolipid antigen, apoE Ϫ/Ϫ mice showed significantly decreased splenic iNKT cell expansion at 3 days after injection, a profile associated with iNKT cell anergy due to chronic stimulation. This decrease in expansion and cytokine production was accompanied by a 2-fold increase in percentage of iNKT cells expressing the inhibitory marker programmed death-1 in apoE Ϫ/Ϫ mice compared with controls. However, in vivo and in vitro blockade of programmed death-1 using monoclonal antibody was not able to restore functions of iNKT cells from apoE Ϫ/Ϫ mice to B6 levels. iNKT cells from apoE Ϫ/Ϫ mice also had increased intracellular T cell receptor and Ly49 expression, a phenotype associated with previous activation. Changes in iNKT cell functions were cell autonomous, because dendritic cells from apoE Ϫ/Ϫ mice were able to activate B6 iNKT cells, but iNKT cells from apoE Ϫ/Ϫ mice were not able to respond to B6 dendritic cells. Conclusion-These data suggest that chronic dyslipidemia induces an iNKT cell phenotype that is unresponsive to further simulation by exogenous glycolipid and that sustained unresponsiveness is iNKT cell intrinsic. (Arterioscler Thromb Vasc Biol. 2010;30:1758-1765.)
N atural killer T (NKT) cells are a unique subset of T lymphocytes that share common surface receptors with both conventional T cells (T cell receptor [TCR] and cluster of differentiation [CD]4) and NK cells (NK1.1 and Ly49) and are found in both humans and mice. A major subset of NKT cells, type I NKT cells or invariant (i)NKT cells, have restricted T cell receptor expression (V␣14-J␣18/V␤8 in mice, V␣24-J␣18/V␤11 in humans). 1 iNKT cells recognize glycolipid antigen presented by the major histocompatibility complex class I-like molecule CD1d on antigen-presenting cells (APCs), such as dendritic cells (DCs), B cells, and to a lesser extent, macrophages. 2 iNKT cells play an important role in regulating innate and adaptive immunity. On activation, iNKT cells rapidly secrete large amounts of antiinflammatory cytokines, such as interleukin 4 (IL-4), IL-10, and IL-13, and proinflammatory cytokines, such as interferon (IFN)-␥, which allows for a wide range of regulatory potential. 3 Activated iNKT cells can also promote DC maturation and monocyte activation by signaling through CD1d 4 and are capable of promoting tolerance by communicating with regulatory T cells. 5 Although few "natural" ligands of iNKT cells have been identified, it is well established that iNKT cells respond strongly to, and are specifically activated by, ␣-galactosylceramide (␣-GalCer). 6 Animal studies have demonstrated that activation of iNKT cells by in vivo administration of ␣-GalCer can mediate both protective and pathological immune responses. For example, ␣-GalCer has been shown to suppress inflammation in mouse models of autoimmune diseases, such as type 1 diabetes and multiple sclerosis. 7, 8 Our laboratory, 9 as well as others, 10 -12 has shown that activation of iNKT cells with ␣-GalCer is proatherogenic. Because of the strong immunoregulatory potential of iNKT cells, ␣-GalCer has been proposed as a viable human therapy for autoimmune and inflammatory diseases, as well as cancer. 13 Therefore, understanding how environmental factors can influence or skew the iNKT cell response to glycolipids is extremely important.
Interestingly, Nakai et al 11 demonstrated that C57BL/B6 mice fed a high-fat diet have decreased iNKT cell numbers and functions, as measured by cytokine secretion. Our laboratory has reported similar changes in iNKT cell dynamics in spontaneously dyslipidemic apolipoprotein E-deficient (apoE Ϫ/Ϫ ) mice. 9 These studies demonstrate, perhaps not surprisingly, that iNKT cells are extremely sensitive to their lipid environment. It is not known, however, whether diet and lipid-mediated changes in iNKT cell functions are due to intrinsic changes in iNKT cells or defects in the ability of APCs, such as DCs, to activate iNKT cells.
In the current study, we investigated the mechanism(s) by which spontaneous dyslipidemia decreases the responsiveness of iNKT cells to exogenous glycolipid antigen. We demonstrate that hyperlipidemia chronically activates iNKT cells, placing them in an irreversible anergic-like state and that these changes in the iNKT cell phenotype are irreversible once established and independent of the source of APC.
Methods

Animals
Male B6 and B6.129P2-Apoe tm1Unc /J (apoE Ϫ/Ϫ ) mice were originally purchased from The Jackson Laboratories and maintained in our colonies under pathogen-free conditions. ApoE Ϫ/Ϫ mice have been backcrossed to B6 mice for more than 10 generations. Animals were fed standard chow diet ad libitum. All animal studies were approved by the Institutional Animal Care and Use Committee of Vanderbilt University.
Flow Cytometry
Single-cell suspensions of the spleen and liver were prepared and stained with fluorescently labeled monoclonal antibodies as described previously. 14 Flow cytometry was performed using a FAC-SCalibur instrument (BD Pharmingen), and the data were analyzed using FCS Express software (De Novo Software). The iNKT cell population was defined as B220 Ϫ TCR␤ int tetramer ϩ .
Intracellular Cytokine Staining
For intracellular cytokine staining, splenocytes were stimulated with 25 to 100 ng/mL ␣-GalCer in the presence of GolgiStop for 4 hours. Cells were fixed and permeabilized with Cytofix/Cytoperm (BD Pharmingen) reagents according to the manufacturer's protocol.
ELISA
Mouse IL-4 and IFN-␥ were measured by standard sandwich ELISA according to the manufacturer's protocol (BD Pharmingen).
Measurement of In Vitro and In Vivo Responses to ␣-GalCer
Four-microgram ␣-GalCer reconstituted in 0.5% polysorbate (vehicle) was IP injected into mice, splenocytes stained and analyzed by flow cytometry, and serum IL-4 and IFN-␥ measured by ELISA.
In vitro, splenocytes were plated in 96-well plates at 2.5ϫ10 5 cells per well in RPMI medium 1640 (Hyclone) containing 10% FBS (Sigma), penicillin-streptomycin with 50 mol/L L-glutamine (Gibco), and 50 mol/L ␤-mercaptoethanol (Sigma) in the presence of varying concentrations of ␣-GalCer. Supernatants were collected after 72 hours of culture, and cytokine levels were determined by ELISA. For proliferation studies, splenocytes were labeled with carboxyfluorescein succinimidyl ester (CFSE) and cultured in the presence of 50 U/mL recombinant mouse IL-2 (BD Biosciences) as described previously. 15 
Isolation of Splenic DCs
Splenic DCs were isolated as described previously. 14 Briefly, spleens were digested with 1 mg/mL collagenase type II (Sigma) in Hanks' balanced salt solution (Mediatech) for 30 minutes. DCs were enriched by magnetic sorting using anti-CD11c microbeads (Miltenyi Biotech) according to the manufacturer's protocol. The purity of the enriched CD11c ϩ population was 80 to 85% (data not shown). Purified DC were pulsed with 50 ng/mL ␣-GalCer for 30 minutes, washed twice with RPMI medium 1640, and then cultured (5ϫ10 4 cell per well of a 96-well plate) with iNKT cells. Bone marrowderived DCs were isolated and cultured as previously described. 16 
Enrichment of iNKT Cells
Liver iNKT cells were enriched as previously described. 14 Briefly, livers were perfused with PBS, digested with type II collagenase (Sigma), and then pressed through a 70-m cell strainer. To remove adherent APCs, 2 rounds of panning, 1 hour each, were performed. The enriched iNKT cells were cocultured for 48 hours with ␣-GalCer-loaded DCs as described above.
Concanavalin A (ConA)-Induced Hepatitis
Mice were injected IV with 350 g ConA (Sigma) in 200 L PBS and killed 24 hours after injection. Hematoxylin and eosin staining of paraffin-embedded livers sections was performed as previously described. 17
Serum Lipid and Free Fatty Acid Analyses
Total serum cholesterol and triglyceride were measured in fasting mice as previously described. 18 Free fatty analysis was conducted by gas chromatography by the Vanderbilt Mouse Metabolic Phenotyping Center.
Statistics
Statistical significance between 2 groups was determined using a Student's t test, and significance between multiple groups was determined using 1-way ANOVA with Newman-Keuls multiple comparison test for post hoc analysis. A value of PϽ0.05 was considered statistically significant, and all statistical analyses were performed using GraphPad Prism software.
Results
ApoE ؊/؊ Mice Have Decreased Percentages and Absolute Numbers of Peripheral iNKT Cells
Previously, we demonstrated that apoE Ϫ/Ϫ mice have an age-associated decrease in iNKT cell numbers. 9 However, it was not determined whether this apparent decrease was due to systemic changes in iNKT cells or was the result of impaired iNKT cell development in the thymus. To address this question, we compared iNKT cell numbers in the spleen, liver, and thymus of older (Ն16 week old) age-matched B6 and apoE Ϫ/Ϫ mice. As previously reported, 9 we observed a significant decrease in the percentages of iNKT cells (TCR␤ int tetramer ϩ ) in livers and spleens of apoE Ϫ/Ϫ mice compared with B6 mice ( Figure 1A ). Given that there was no difference in the numbers of total lymphocytes in liver and spleen, the decrease in iNKT cell percentages translates into a decrease in absolute numbers of iNKT cells ( Figure 1B ). Thymic iNKT cell percentages and absolute numbers did not differ between apoE Ϫ/Ϫ and B6 mice ( Figure 1A and 1B ). In addition, surface markers of thymic iNKT cell differentiation, CD44 and NK1.1, were not different between the 2 strains ( Figure 1C ). The data suggest that defects in iNKT cell numbers occur in the periphery and are not due to decreased thymic differentiation.
Because of this, we hypothesized that spontaneous hyperlipidemia could affect iNKT cell responsiveness. Not surprisingly, when we stimulated whole splenocytes with ␣-GalCer in vitro, we observed blunted IL-4 and IFN-␥ production by apoE Ϫ/Ϫ splenocytes compared with age-matched controls ( Figure 1D ). Notably, the decrease in cytokine production in apoE Ϫ/Ϫ cultures was greater than what would be expected if it was due only to decreased absolute iNKT cell numbers. To determine whether this degree of iNKT cell hyporesponsiveness also occurred in vivo, we injected apoE Ϫ/Ϫ and B6 mice with 4 g/mouse of ␣-GalCer or vehicle IP. At 2 and 24 hours following injection (times associated with peak iNKT cell-mediated IL-4 and IFN-␥ production, respectively), we observed that similar to in vitro analyses, the in vivo response to ␣-GalCer was also blunted in apoE Ϫ/Ϫ mice, as indicated by serum IFN-␥ and IL-4 ( Figure 1E ). This was associated with a decreased ability to trans-activate other immune cells downstream of iNKT cell activation, such as B cells, NK cells, T cells, and DCs ( Figure 1F ).
Decreased Cytokine Production in ApoE ؊/؊ Mice Following ␣-GalCer Stimulation Is iNKT Cell Specific
Although the apoE Ϫ/Ϫ mice had a 2-fold decrease in the absolute numbers of iNKT cells in the spleen and liver, the cytokine response to ␣-GalCer stimulation in vitro and in vivo was disproportionately suppressed and could not be completely attributed to decreased iNKT cell numbers. Because in vivo activation or in vitro stimulation of splenocytes with ␣-GalCer allows for the potential of multiple cellular cytokine sources, we conducted intracellular cytokine staining on iNKT cells isolated from apoE Ϫ/Ϫ and B6 mice. Following a 4-hour in vitro stimulation with ␣-GalCer, we observed a significant decrease in IFN-␥ positive splenic iNKT cells in apoE Ϫ/Ϫ mice compared with controls ( Figure  2A ). The percentage of IL-4 positive iNKT cells was reduced in apoE Ϫ/Ϫ mice compared with B6 mice but did not reach statistical significance ( Figure 2B ).
iNKT From ApoE ؊/؊ Mice Cells Resemble Exhausted, Chronically Activated Cells
Because we observed a decrease in the ability of apoE Ϫ/Ϫ splenic iNKT cells to produce cytokines on stimulation with ␣-GalCer, we examined the ability of iNKT cells to expand in vivo following specific activation. Previous studies have demonstrated that on in vivo activation with ␣-GalCer, iNKT cells respond by initially contracting at 24 hours and then expanding 3 days following ␣-GalCer injection. 15 iNKT cells that have been rendered anergic due to a previous antigen exposure, however, fail to respond in this manner. 15 Therefore, to test the hypothesis that iNKT cells in hyperlipidemic apoE Ϫ/Ϫ mice display an anergic phenotype, we injected B6 or apoE Ϫ/Ϫ mice with 4 g/mouse of ␣-GalCer (or vehicle) and tracked changes in the splenic iNKT cell population over time. As shown in Figure 3A , the B6 iNKT cells responded as expected following ␣-GalCer injection. Although iNKT cells from apoE Ϫ/Ϫ mice initially contracted 24 hours following injection, these cells showed blunted expansion at 3 days. Quantitatively, this resulted in a significant decrease in the ability of iNKT cells from apoE Ϫ/Ϫ mice to proliferate in response to ␣-GalCer stimulation ( Figure 3B , top panel). This difference was also significant following normalization to the baseline absolute numbers of iNKT cells ( Figure 3B , bottom panel). To determine whether these changes in iNKT cell responses had physiological consequences, we compared apoE Ϫ/Ϫ and B6 mice in iNKT cell-dependent ConA-induced hepatitis. As expected, livers from apoE Ϫ/Ϫ mice showed decreased inflammatory infiltration compared with B6 mice, indicating decreased iNKT cell function ( Figure 3C ). There-fore, iNKT cells from apoE Ϫ/Ϫ mice respond to antigen stimulation in vivo similar to those from wild-type mice rendered anergic by repeated activation, and this abrogation of iNKT cell function is relevant to modulation of disease pathology.
Changes in iNKT Cell Activation Are Cell Autonomous and Not Due to Defective Antigen Presentation
Given that CD1d on APCs is required for presentation of glycolipid antigen to iNKT cells, and previous reports suggested that apoE increases uptake and presentation of glycolipid antigens by DCs, 19 we isolated splenic DCs from B6 and apoE Ϫ/Ϫ mice and compared CD1d expression. Flow cytometry analyses demonstrated that CD1d expression was not decreased on apoE Ϫ/Ϫ DCs compared with B6 DCs ( Figure  4A ). To examine differences in glycolipid antigen presentation, splenocytes from B6 and apoE Ϫ/Ϫ mice were loaded with the ␣-GalCer precursor galactosyl(␣1 to 2)galactosylceramide (GGC) in vitro and then incubated with a monoclonal antibody specific to CD1d:␣-GalCer complexes (L363). 20 GGC must undergo lysosomal processing to be loaded on CD1d molecules for surface presentation. Flow cytometry analyses showed that apoE Ϫ/Ϫ DCs exhibited increased CD1d loading and presentation of processed GGC at the cell surface ( Figure 4B ). In addition, to demonstrate that the in vivo changes that we observed in iNKT cells from apoE Ϫ/Ϫ mice were not due to defective ability of apoE Ϫ/Ϫ DCs to process and present antigen, we grew bone marrow-derived DCs from B6 and apoE Ϫ/Ϫ mice. DCs were pulsed in vitro with ␣-GalCer and then incubated with the V␣14 ϩ iNKT cell hybridoma DN32.D3. We observed that DCs from both strains of mice were able to activate the iNKT cell hybridoma with equal efficiency ( Figure 4C ). Finally, when lethally irradiated low-density lipoprotein receptor Ϫ/Ϫ mice were reconstituted with B6 bone marrow (to restore the apoE-lowdensity lipoprotein receptor axis on hematopoietic cells, yet retain dyslipidemia), similar decreases in iNKT cell functions were observed when mice were fed chow diet (supplemental Figure I , available online at http://atvb.ahajournals.org).
To determine whether iNKT cells from apoE Ϫ/Ϫ mice can respond to wild-type APCs, splenic DCs were isolated from B6 and apoE Ϫ/Ϫ mice, pulsed with ␣-GalCer, and mixed with iNKT cells from B6 or apoE Ϫ/Ϫ mice. Analysis of cultured supernatants demonstrated that although the apoE Ϫ/Ϫ DCs were able to stimulate cytokine production by B6 iNKT cells, the apoE Ϫ/Ϫ iNKT cells had a reduced ability to respond to B6 DCs ( Figure 4D ). Collectively, these data demonstrate that in our system, absence of apoE does not directly affect antigen presentation or iNKT cell responsiveness but that changes are more likely due to a dyslipidemic environment.
iNKT Cells From ApoE ؊/؊ Mice Appear To Be Spontaneously Activated
It has been previously demonstrated that on activation, the surface TCR expression on iNKT cells is downregulated via internalization. 21 To determine whether this phenomenon was responsible for the apparent decrease in absolute numbers of iNKT cells in apoE Ϫ/Ϫ mice, we performed intracellular and extracellular staining on splenocytes using CD1d/␣-GalCer tetramers and anti-TCR␤ antibodies. We observed that spleens of B6 mice had similar percentages of iNKT cells following both intracellular and extracellular staining ( Figure  5A , comparing surface with surfaceϩinternalized). Because surface receptors may be stained during the intracellular staining process, these data suggest that the majority of the control iNKT cells have not internalized their TCR and are not activated. In contrast, intracellular staining of apoE Ϫ/Ϫ splenocytes demonstrated an increase in the percentage of iNKT cells that had internalized their TCR␤, supporting the hypothesis that iNKT cells from hyperlipidemic animals are spontaneously activated. Interestingly, when the numbers of iNKT cells that had internalized their TCR were accounted for, the apoE Ϫ/Ϫ mice had increased numbers of iNKT cells compared with B6 control mice. These data suggest that iNKT cells from apoE Ϫ/Ϫ mice are spontaneously activated and have internalized their TCR, accounting for the decreased detection by conventional surface staining.
Recent studies have demonstrated that T cells from mice with chronic viral infection express increased levels of the inhibitory markers programmed death-1 (PD-1) receptor and PD-1 ligand-1 (PD-L1). 22 Increased expression of PD-1 and PD-L1 has also been demonstrated on iNKT cells rendered anergic by ␣-GalCer stimulation. 23, 24 Given that iNKT cells from hyperlipidemic apoE Ϫ/Ϫ mice appear to be spontaneously anergic both ex vivo and in vivo, we examined the expression of the inhibitory markers PD-1, PD-L1, PD-L2, and Ly49 on iNKT cells of naive B6 and apoE Ϫ/Ϫ mice. Flow cytometry analyses demonstrated that consistent with previous reports, iNKT cells from B6 mice have some constitutive expression of PD-1, PD-L1, and PD-L2 ( Figure 5B , right panels). However, the percentage of PD-1 positive iNKT cells was significantly increased in apoE Ϫ/Ϫ mice ( Figure  5C ). These increases were not observed in iNKT cells from young 5-to 6-week-old apoE Ϫ/Ϫ mice ( Figure 5B , left panels), demonstrating that changes in iNKT cells were acquired and not directly the result of developmental effects of apoE Ϫ/Ϫ deficiency. In addition, apoE Ϫ/Ϫ iNKT cells had increased expression of the inhibitory receptor Ly49 (data not shown). These data indicate that apoE Ϫ/Ϫ iNKT cells exhibit an exhausted phenotype perhaps due to increased activation by accumulating endogenous lipid antigens.
PD-1 Blockade Can Neither Rescue Nor Prevent Downregulation of iNKT Cell Responses in ApoE ؊/؊ Mice
To determine whether blockade of PD-1 could restore apoE Ϫ/Ϫ iNKT cell responses as previously described, 23 we incubated whole splenocytes from naive B6 and apoE Ϫ/Ϫ mice with 50 ng/mL ␣-GalCer in the presence of a PD-1 blocking antibody or isotype control antibody. Analysis of 72-hour supernatants demonstrated a partial increase in cytokine secretion in apoE Ϫ/Ϫ mice ( Figure 5D ). However, PD-1 blockade did not result in normalization of cytokine levels in supernatants of apoE Ϫ/Ϫ mice. These data suggest that blocking PD-1 cannot rescue the anergic phenotype of apoE Ϫ/Ϫ iNKT cells.
Previous work by Parekh et al 15 demonstrated that although PD-1 blockade could not rescue anergic iNKT cells, it could prevent the development of anergy in this cell population if conducted before activation with ␣-GalCer. To determine whether this also applied to our apoEv model, we injected apoE Ϫ/Ϫ mice with anti-PD-1 or control rat immunoglobulin beginning at weaning (Ϸ4 weeks of age). Mice received antibody for 6 weeks, after which responses to ␣-GalCer were analyzed. We observed that PD-1 blockade could not prevent induction of iNKT cell anergy in apoE Ϫ/Ϫ mice (data not shown). These data suggest that upregulation of PD-1 is not the primary mechanism by which iNKT cells become nonresponsive in apoE Ϫ/Ϫ mice.
Exogenous IL-2 Restores ApoE ؊/؊ iNKT Cell Proliferation In Vitro
It is known that administration of exogenous cytokines, such as IL-2, can overcome conventional T cell exhaustion, as well as iNKT cell anergy. 15 Given that iNKT cells from apoE Ϫ/Ϫ mice display an anergic-like phenotype, we tested the ability of exogenous IL-2 to restore iNKT cell responses in vitro. Splenocytes from B6 and apoE Ϫ/Ϫ mice were labeled with CFSE and stimulated with ␣-GalCer in the presence or absence of IL-2. As shown by the CFSE dilution profile of tetramerϩ cells ( Figure 6 ), iNKT cells from apoE Ϫ/Ϫ mice displayed decreased proliferation in response to ␣-GalCer as compared with B6 iNKT cells. Consistent with previous studies, 15 addition of IL-2 resulted in restoration of the ability of apoE Ϫ/Ϫ iNKT cells to proliferate. These data indicate that iNKT cells from hyperlipidemic apoE Ϫ/Ϫ mice are anergic and that IL-2 is sufficient to largely overcome this anergy in vitro.
Discussion
iNKT cells are a unique subset of T cells that recognize glycolipid antigens and play a role in the regulation of inflammation and immunity. Furthermore, our laboratory 9 and others 10 -12 have shown that activation of iNKT cells is proatherogenic. During conditions of spontaneous hyperlipidemia in apoE Ϫ/Ϫ mice 9 and diet-induced dyslipidema, 11 iNKT cell numbers and functions are decreased. However, the etiology behind these changes is not yet known. Modulation of iNKT cell responses is being clinically tested as a possible therapeutic for cancer, 25 diabetes, 26 and HIV 27 in humans. In addition, it has been hypothesized that activating iNKT cells during immunization is a superior vaccination strategy. 28 Thus, it is imperative to understand how the lipid environment might dampen or skew the iNKT cell response.
In the current study, we sought to examine the mechanisms by which chronic hyperlipidemia might decrease iNKT cell numbers and functions. We observed that apoE Ϫ/Ϫ mice have decreased numbers of iNKT cells in spleens and livers compared with B6 controls and that iNKT cells present in the spleens of apoE Ϫ/Ϫ mice have an impaired ability to respond to exogenous stimulation by the glycolipid ␣-GalCer. This decreased cytokine production seemed to affect IFN-␥ responses more than IL-4, suggesting that T helper 1 responses may be more affected than T helper 2.
It is well established that glycolipids play an important role in the development of iNKT cells within the thymus and that normal thymic development of these iNKT cells requires the recognition of natural lipid ligands presented by CD1d. Previous studies have suggested that the endogenous glycosphingolipid isoglobotrihexosylceramide is important for iNKT cell development and self-recognition. 29 Because a spontaneous increase in circulating lipids, as seen in apoE Ϫ/Ϫ mice, could affect the development of iNKT cells and subsequently lead to decreased peripheral numbers, we analyzed thymic iNKT cells from apoE Ϫ/Ϫ and B6 mice by flow cytometry. Our data suggest that decreased iNKT cell numbers in apoE Ϫ/Ϫ mice are not the result of defects in thymic development, because numbers and maturation markers of iNKT cells in the thymus remained largely unchanged. Instead, our data support the hypothesis that the iNKT cell defect results from changes in the periphery. This is in stark contrast to studies in mice with deficiencies in the Niemann-Pick type C1 and C2 proteins, where reductions in iNKT cell numbers were observed in the thymus and peripheral lymphoid tissues. 30 -32 This was also found to be the case in mouse models of other lysosomal lipid storage diseases, such as mice deficient for ␣or ␤-galactosidase or hexosaminidases A and S. 33 Therefore, decreased numbers of iNKT cells in the peripheral lymphoid organs of apoE Ϫ/Ϫ mice suggest that the endogenous glycolipids necessary to elicit normal selection of iNKT cells in the thymus are not affected by lipid accumulation.
Recent evidence has shown that B cell-mediated activation of iNKT cells is enhanced by apoE and is dependent on the low-density lipoprotein receptor. 34 In addition, findings from Van den Elzen et al 19 have shown that circulating lipoproteins, such as very low-density lipoproteins, can enhance iNKT cell responses to glycolipid antigen presented by DCs. These experiments elegantly demonstrated that apoE may enhance glycolipid uptake. However, there was no evidence that glycolipid and apoE interact in vivo or that apoE was necessary for normal iNKT cell responses to exogenous lipid antigen. Although the absence of apoE and the effect this might have on antigen uptake is still an important consideration in our system, we have several pieces of evidence suggesting that the absence of apoE alone cannot explain the difference in iNKT cell activation observed in hyperlipidemic mice. First, in our system, DCs from apoE Ϫ/Ϫ mice did not appear to be compromised in their ability to present antigen to B6 iNKT cells. Additionally, CD1d loading of GGC and presentation on the cell surface, as measured by L363 antibody staining, was not compromised in apoE Ϫ/Ϫ DCs. Therefore, we conclude that although apoE may increase iNKT activation under normolipidemic conditions, the functional defects that we observe in apoE Ϫ/Ϫ mice cannot be completely attributed to the lack of apoE.
It has been shown previously in atherosclerosis studies that lipids, such as the glycosphingolipid ␤-glucosylceramide 35 and the disialoganglioside GD3, 36 accumulate in the serum of apoE Ϫ/Ϫ mice as well as in humans. In addition, natural activation of iNKT cells during microbial infection is often dependent on both IL-12 and presentation of endogenous glycolipid antigen by DCs. 37 Thus, a possible explanation for the iNKT cell hyporesponsiveness that we observe in apoE Ϫ/Ϫ mice is that these cells are chronically activated by increased levels of endogenous glycolipid. Although recent data from VanderLaan et al 12 suggest that endogenous iNKT antigen was not present in the serum of apoE Ϫ/Ϫ mice fed a high-fat diet, it is possible that presence of an endogenous ligand in tissue, such as in the liver, spleen, or lymph node, and not serum is responsible for the changes in iNKT cells that we observed. Alternatively, given that glycolipid antigens are processed and loaded onto CD1d within the APC after uptake, lysosomal accumulation of lipids during hyperlipidemia may play a role in the differences that we observe. Supporting this possibility, a recent study from Bai et al 38 shows that lipid exchange within the lysosome is regulated by lipid structure as well as acidic lysosomal pH. However, our results indicate that DCs from apoE Ϫ/Ϫ mice retain their ability to activate iNKT cells, suggesting that the iNKT cell hyporesponsiveness in apoE Ϫ/Ϫ mice is due to chronic activation rather than defective antigen presentation.
Previous studies have shown that repeated activation of conventional T cells, such as in chronic viral infection, results in T cell exhaustion. 39 Similarly, repeated activation of iNKT cells by ␣-GalCer also results in a functionally unresponsive anergic phenotype. 15 Our data show that apoE Ϫ/Ϫ iNKT cells display a phenotype similar to those rendered anergic due to repeated activation. This evidence supports our hypothesis that spontaneous dyslipidemia, as observed in apoE Ϫ/Ϫ mice, leads to chronic activation of iNKT cells. Several recent reports have shown that the inhibitory receptor PD-1 is upregulated on exhausted T cells due to chronic activation. 40, 41 In addition, PD-1 has been implicated in the induction and maintenance of iNKT cell anergy. 23 In a recent study by Parekh et al, 24 it was shown that blocking PD-1/PD-L interactions could prevent iNKT cell anergy but could not overcome anergy once established. Our study illustrates that hyperlipidemic apoE Ϫ/Ϫ mice have spontaneously increased PD-1 expression on iNKT cells, although blocking PD-1 in vitro was not able to restore responsiveness to ␣-GalCer stimulation. Consistent with our data, recent clinical findings in HIV-infected humans indicated that these patients have increased PD-1 expression on iNKT cells, and PD-1 blockade did not restore iNKT cell function. 36 Taken together, these data suggest that in our system, decreased functionality of chronically activated iNKT cells is not dependent on PD-1 expression and may be irreversible once established.
It is known that iNKT cells become undetectable with tetramer soon after in vivo stimulation with ␣-GalCer due to surface TCR downregulation. 18 Our flow cytometry analyses demonstrate that there is a significant increase in the intracellular TCR␤ in the apoE Ϫ/Ϫ mice as compared with B6 mice. Importantly, these studies were performed ex vivo without exogenous stimulation. In addition, we have shown that hyperlipidemic apoE Ϫ/Ϫ mice have modest but significant increases in myristic acid (14:0) and palmitic acid (16:0) (supplemental Figure II) . Although the physiological relevance of this increase is not tested in the current study, the serum concentrations that we observe are in excess of fatty acid concentrations that have been shown to activate APCs through toll-like receptor activation. 42 Therefore, it is possible that saturated fatty acid signaling in DCs via toll-like receptor 4 leads to the production of IL-12, thus activating iNKT cells by the alternative or indirect pathway. 43 Collectively, these data support the hypothesis that the hyperlipidemic environment of the apoE Ϫ/Ϫ mice spontaneously activates the iNKT cells, rendering them unresponsive to further stimulation. Further studies to test this hypothesis are warranted.
In summary, our results indicate that an increase in circulating lipids leads to decreased iNKT cell functionality and that this dyslipidemia-associated decrease is iNKT cell intrinsic. The functional characteristics of iNKT cells are important to understand not only in chronic conditions of dyslipidemia, such as atherosclerosis, but also in diseases for which therapeutic approaches involving manipulation of iNKT cells are being considered. In addition, given that similar decreases in iNKT cell numbers and functions are observed in wild-type mice fed a high-fat diet, 11 caution may be warranted in immunologic studies involving the use of lipid-laden diets and therapies that give rise to dyslipidemia.
